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Abstract
We discuss flavor mixing and resulting Flavor Changing Neutral Current (FCNC) in
a five dimensional SU(3)color ⊗ SU(3) ⊗ U ′(1) gauge-Higgs unification. Flavor mixing is
realized by the fact that the bulk and brane localized mass terms are not diagonalized
simultaneously. As the concrete FCNC processes, we calculate the rate of B0d – B¯
0
d mixing
and B0s – B¯
0
s mixing due to the exchange of non-zero Kaluza-Klein gluons at the tree level.
We obtain a lower bound on the compactification scale of order O(TeV) by comparing
our prediction on the mass difference of neutral B meson with the recent experimental
data.
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1 Introduction
In spite of the great success of the Standard Model (SM), the origin of electroweak gauge
symmetry breaking is still unknown in particle physics. Though in the SM, Higgs boson
is assumed to play a role for the symmetry breaking, it seems to have various theoretical
problems such as the hierarchy problem and the presence of many theoretically unpre-
dicted arbitrary coupling constants in its interactions.
Gauge-Higgs unification (GHU) [1] is one of the fascinating scenarios beyond the SM.
It provides a possible solution to the hierarchy problem without supersymmetry. In this
scenario, Higgs boson in the SM is identified with the extra spatial components of the
higher dimensional gauge fields. A remarkable fact is that the quantum correction to
Higgs mass is UV-finite and calculable due to the higher dimensional gauge symmetry
regardless of the non-renormalizability of the theory. This has opened up a new avenue
to solve the hierarchy problem [2]. The finiteness of the Higgs mass has been studied and
verified in various models and types of compactification at one-loop level1 [3] and even at
the two loop level [5]. The fact that the Higgs boson is a part of gauge fields implies that
Higgs interactions are restricted by gauge principle and may provide a possibility to solve
the arbitrariness problem of Higgs interactions as well.
From such point of view, it seems that the following issues are particularly important
for the GHU to be phenomenologically viable. The first one is whether there are any
characteristic prediction on the observables subject to precision tests. The second one is
how CP violation is achieved since the Higgs interactions are given by gauge interactions
with real couplings. The last one is how flavor mixing is generated since Yukawa coupling
in GHU is given by gauge interactions which are universal for all flavors.
As for the first issue, it will be desirable to find finite (UV-insensitive) and calculable
observables, in spite of the fact that the theory is non-renormalizable and observables are
very UV-sensitive in general. Works on the oblique electroweak parameters and fermion
anomalous magnetic moment from such a viewpoint have been already done in the litera-
ture [6–8]. The second issue has been addressed in our previous papers [9, 10], where CP
violation is claimed to be achieved spontaneously either by the VEV of the Higgs field or
by the complex structure of the compactified extra space.
In this paper, we focus on the remaining issue concerning the flavor physics in the
GHU scenario. It is highly non-trivial problem to explain the variety of fermion masses
and flavor mixings in this scenario, since the gauge interactions should be universal for all
matter fields, while the flavor symmetry has to be broken eventually in order to distinguish
each flavor and to realize their mixings. In our previous papers [11,12], we addressed this
issue and have clarified the mechanism to generate the flavor mixings by the interplay
between bulk masses and the brane localized masses.
1For the case of gravity-gauge-Higgs unification, see [4].
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Important point is that such introduced two types of mass terms generically may be
flavor non-diagonal without contradicting with gauge invariance, which leads to the flavor
mixing in the up- and down-types of Yukawa couplings [13]. We may start with the base
where the bulk mass terms are diagonalized, since the bulk mass terms are written in the
form of hermitian matrix, which may be diagonalized by suitable unitary transformations,
keeping the kinetic and gauge interaction terms of fermions invariant [11, 12]. Even in
this base, however, the brane-localized mass terms still have off-diagonal elements in the
flavor base in general. Namely, the fact that two types of fermion mass terms cannot be
diagonalized simultaneously leads to physical flavor mixing.
Once the flavor mixings are realized, it will be important to discuss flavor changing
neutral current (FCNC) processes, which have been playing a crucial role for checking the
viability of various new physics models, as is seen in the case of SUSY model. This issue
was first discussed in [14] in the context of extra dimensions. Since our model reduces
to the SM at low energies, there is no FCNC processes at the tree level with respect to
the zero mode fields. However, it turns out that the exchange of non-zero Kaluza-Klein
(KK) modes of gauge bosons causes FCNC at the tree level, though the rates of FCNC
are suppressed by the inverse powers of the compactification scale (“decoupling”) [11,12].
The reason is the following. The gauge couplings of non-zero KK modes of gauge boson,
whose mode functions are y-dependent, to zero mode fermions are no longer universal
since the overlap integral of mode function of fermion and KK gauge boson depends on
the bulk mass M different from flavor by flavor in general.
In the previous papers, as typical processes of FCNC, we have calculated the K0 – K¯0
mixing and the D0 – D¯0 mixing amplitude at the tree level via non-zero KK gluon exchange
and obtained the lower bounds for the compactification scale as the predictions of our
model [11, 12]. Interestingly, the obtained lower bounds of O(10) TeV were much milder
than what we naively expect assuming that the amplitude is simply suppressed by the
inverse powers of the compactification scale, say O(103) TeV. We pointed out the presence
of suppression mechanism of the FCNC processes, which is operative for light fermions in
the GHU model. In the analysis, we focused on the simplified two generation scheme in
order to estimate the mass difference and the lower bound on the compactification scale.
On the other hand, these suppression mechanism in the third generation containing
top and bottom quarks does not work so strongly by the absence of bulk masses as we will
discuss in the main text. Then it is expected that the dangerous large FCNC containing
the third generation such as B0 − B¯0 mixing arises and more stringent constraints will
be obtained. Thus it would be more desirable to discuss the FCNC process in the three
generation scheme.
In this paper, we discuss flavor mixings in the three generation model and especially
consider the typical FCNC processes, i.e. B0d – B¯
0
d mixing and B
0
s – B¯
0
s mixing, which is
caused by the mixing between down and bottom quarks or strange and bottom quarks.
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We will calculate the dominant contribution to the B0d – B¯
0
d mixing and the B
0
s – B¯
0
s
mixing at the tree level by the non-zero KK gluon exchange. The rate of the FCNC
processes is suppressed by the small mixings between the third generation and lighter
generations. Comparing the prediction of our model with the data, the lower bound on
the compactification scale is obtained.
This paper is organized as follows. After introducing our model in the next section, we
summarize in section 3 how the flavor mixing is realized in the context of the gauge-Higgs
unification, which was clarified and described in detail in our previous paper [11, 12]. In
section 4, as an application of the flavor mixing discussed in section 3, we calculate the
mass difference of neutral B-mesons caused by the B0d – B¯
0
d mixing and the B
0
s – B¯
0
s mixing
via non-zero KK gluon exchange at the tree level. We also obtain the lower bound for
the compactification scale by comparing the obtained result with the experimental data.
Our conclusion is given in section 5.
2 The Model
The model we consider in this paper is a five dimensional (5D) SU(3)color⊗SU(3)⊗U ′(1)
GHU model compactified on an orbifold S1/Z2 with a radius R of S
1. The three generation
model is basically obtained by extending our previous model, but top quark mass cannot
be incorporating as it stands. It is known that the fermion masses have an upper bound
in GHU,
mq ≤
√
nMW
(
MW : W -boson mass
)
(2.1)
where n is the number of indices of the representation the fermion belongs to [16]. Up-
type quarks in our model belong to the totally symmetric tensor representation of SU(3),
i.e. n = 2, in our two generation model. Thus, we should modify our model to obtain
the correct top mass mt ∼ 2MW . Obviously, the simplest choice would be a 4-rank
tensor representation. The representation of rank 4 of SU(3) are known to be 15, 24
and 27 [17]. We modify our model by using the smallest representation 15. Although it
is still remaining a small gap between top and twice of W -boson masses, it is attributed
to the quantum correction of top Yukawa coupling. Focusing on the quark sector, we
introduce three generations of bulk fermion in the 3, two generations of them in the 6¯
and one generation of bulk fermion in the 15 dimensional representations of SU(3) gauge
group,
ψi(3) = Qi3 ⊕ di
(
i = 1, 2, 3
)
, (2.2a)
ψi(6¯) = Σi6 ⊕Qi6 ⊕ ui
(
i = 1, 2
)
, (2.2b)
ψ(15) = Θ⊕∆⊕ Σ15 ⊕Q15 ⊕ t (2.2c)
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where all of the fermions are decomposed into those in the representations of SU(2) sub-
group of SU(3) gauge group. An extra U ′(1) is required for ψ(15) to fix the hypercharges.
These sets of fermions contain ordinary quarks of the SM in the zero mode sector, i.e. Qi3
and Qi6 (i = 1, 2) corresponding to the first two generation quark doublets, Q
i=3
3 and Q15
corresponding to the third generation quark doublet, and di (i = 1, 2, 3), ui (i = 1, 2),
t corresponding to three generation down-type quark singlets, the first two generation
up-type quark singlets, top quark singlet, respectively. ψi(6¯) have SU(2) triplet exotic
states Σi6 and ψ (15) also does SU(2) quintet, quartet, triplet exotic states Θ, ∆ and Σ15.
The bulk Lagrangian is given by
L =− 1
2
Tr
(
FMNF
MN
)− 1
4
BMNB
MN − 1
2
Tr
(
GMNG
MN
)
+ ψ¯i(3)
{
i /D3 −M i(y)
}
ψi(3) + ψ¯i=3(3)i /D3ψ
i=3(3)
+ ψ¯i(6¯)
{
i /D6 −M i(y)
}
ψi(6¯) + ψ¯(15)i /D′15ψ(15) (2.3)
where the gauge kinetic terms for SU(3), U ′(1), SU(3)color and the covariant derivatives
are
FMN = ∂MAN − ∂NAM − ig
[
AM , AN
]
, (2.4a)
BMN = ∂MBN − ∂NBM , (2.4b)
GMN = ∂MGN − ∂NGM − igs
[
GM , GN
]
, (2.4c)
/D = ΓM(∂M − igAM − igsGM) , (2.4d)
/D′ = ΓM(∂M − igAM − ig′BM − igsGM) . (2.4e)
The gauge fields AM and GM are written in a matrix form, e.g. AM = A
a
M
λa
2
in terms
of Gell-Mann matrices λa. It should be understood that AM in the covariant derivative
DM = ∂M−igAM−igsGM acts properly depending on the representations of the fermions.
M,N = 0, 1, 2, 3, 5 denotes indices of the bulk space-time. The five dimensional gamma
matrices are given by ΓM = (γµ, iγ5) (µ = 0, 1, 2, 3). g, g′ and gs are 5D gauge coupling
constants of SU(3), U ′(1) and SU(3)color, respectively. M i (i = 1, 2) are generation
dependent bulk mass parameters of the first two generations of fermion accompanied by
the sign function (y). For the third generation, the bulk mass parameter should be taken
to be zero to reproduce top quark mass.
The periodic boundary condition is imposed along S1 and Z2 parity assignments are
taken for gauge fields as
Aµ(−y) = PAµ(y)P−1, Ay(−y) = −PAy(y)P−1, (2.5a)
Gµ(−y) = Gµ(y), Gy(−y) = −Gy(y), (2.5b)
Bµ(−y) = Bµ(y), By(−y) = −By(y) (2.5c)
where the orbifolding matrix is defined as P = diag(−,−,+) and operated in the same
way at the fixed points y = 0, piR. We can see that the gauge symmetry SU(3) is explicitly
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broken to SU(2)×U(1) by the boundary conditions. The gauge fields with Z2 odd parity
and even parity are expanded by use of mode functions,
Sn(y) =
1√
piR
sin
n
R
y , Cn(y) =
1√
2δn,0piR
cos
n
R
y, (2.6)
respectively.
The Z2 parities of fermions are assigned for each component of the representations as
follows:
Ψi(3) =
{
Qi3L(+,+) +Q
i
3R(−,−)
}⊕ {diL(−,−) + diR(+,+)} ( i = 1, 2, 3 ) ,
Ψi(6¯) =
{
Σi6L(−,−) + Σi6R(+,+)
}⊕ {Qi6L(+,+) +Qi6R(−,−)}
⊕ {uiL(−,−) + uiR(+,+)} ( i = 1, 2 ) ,
Ψ(15) =
{
ΘL(−,−) + ΘR(+,+)
}⊕ {∆L(+,+) + ∆R(−,−)}
⊕ {Σ15L(−,−) + Σ15R(+,+)}⊕ {Q15L(+,+) +Q15R(−,−)}
⊕ {tL(−,−) + tR(+,+)}.
Thus a chiral theory is realized in the zero mode sector by Z2 orbifolding.
The fermions are also expanded by an orthonormal set of mode functions. Here we
will focus on the zero-mode sector necessary for the argument of flavor mixing. The zero
mode sector of each component of ψi(3), ψi(6¯) and ψ(15) are written in the following
way.
Qi3 = Q
i
3Lf
i
L(y) , d
i = diRf
i
R(y)
(
i = 1, 2, 3
)
, (2.7a)
Σi6 = Σ
i
6Rf
i
R(y) , Q
i
6 = Q
i
6Lf
i
L(y) , u
i = uiRf
i
R(y)
(
i = 1, 2
)
(2.7b)
Θ = ΘRfR(y) , ∆ = ∆LfL(y) , Σ15 = Σ15RfR(y) , Q15 = Q15LfL(y) , t = tRfR(y).
(2.7c)
The mode function for the zero mode of each chirality is given in [9]:
f iL(y) =
√
M i
1− e−2piRM i e
−M i|y|, f iR(y) =
√
M i
e2piRM i − 1e
M i|y|. (2.8)
We notice that there are two left-handed quark doublets Q3L and Q6L(Q15L) per gener-
ation in the zero mode sector, which are massless before electro-weak symmetry breaking.
In the one generation case, for instance, one of two independent linear combinations of
these doublets should correspond to the quark doublet in the SM, but the other one
should be regarded as an exotic state. Moreover, having an exotic fermion Σ6R, Σ15R, ∆L
and ΘR, we therefore introduce brane localized four dimensional Weyl spinors to form
SU(2)×U(1) invariant brane localized Dirac mass terms in order to remove these exotic
massless fermions from the low-energy effective theory [13,19].
LBLM = LQBLM + LΣ6BLM + LΣ15BLM + L∆BLM + LΘBLM (2.9)
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where for the first two generations,
LΣ6BLM =
∫ piR
−piR
dy
√
2piRmΣ6BLMδ(y − piR)Σ¯i6R(x, y)Σi6L(x) + (h.c.) (2.10a)
and for the third generation,
LΣ15BLM =
∫ piR
−piR
dy
√
2piRmΣ15BLMδ(y − piR)Σ¯15R(x, y)Σ15L(x) + (h.c.) , (2.10b)
L∆BLM =
∫ piR
−piR
dy
√
2piRm∆BLMδ(y)∆¯L(x, y)∆R(x) + (h.c.) , (2.10c)
LΘBLM =
∫ piR
−piR
dy
√
2piRmΘBLMδ(y − piR)Θ¯R(x, y)ΘL(x) + (h.c.) (2.10d)
and for three generations i = 1, 2, 3
LQBLM =
∫ piR
−piR
dy
√
2piR δ(y)Q¯iR(x)
{
ηijQ
j
3L(x, y) + λijQ
j
L(x, y)
}
+ (h.c.) (2.10e)
where
QL(x, y) =
[
Q16L(x, y) Q
2
6L(x, y) Q15L(x, y)
]T
. (2.11)
QR, Σ6,15L, ∆R and ΘL are the brane localized Weyl fermions of doublet, triplet, quartet
and quintet of SU(2) respectively. The 3 × 3 matrices ηij, λij and mBLMs are mass
parameters. These brane localized mass terms are introduced at opposite fixed points
such that QR, ∆R (Σ6,15L, ΘL) couples to Q3,6,15L, ∆L (Σ6,15R, ΘR) localized on the brane
at y = 0 (y = piR). Let us note that the matrices ηij, λij can be non-diagonal, which are
the source of the flavor mixing [11–13].
3 Flavor mixing
In the previous section we worked in the base where fermion bulk mass terms are written in
a diagonal matrix in the generation space. Then Yukawa couplings as the gauge interaction
of Ay is completely diagonalized in the generation space. Thus flavor mixing does not
happen in the bulk and the brane localized mass terms for the doubletsQ3L andQ6L (Q15L)
is expected to lead to the flavor mixing. We now discuss how the flavor mixing is realized
in this model.
First, we identify the SM quark doublet by diagonalizing the relevant brane localized
mass term,∫ piR
−piR
dy
√
2piR δ(y)Q¯R(x)
[
η λ
][ Q3L(x, y)
QL(x, y)
]
⊃
√
2piR Q¯R(x)
[
ηfL(0) λfL(0)
][ Q3L(x)
QL(x)
]
=
√
2piR Q¯′R(x)
[
mdiag 03×3
][ QHL(x)
QSML(x)
]
(3.1)
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where [
U1 U3
U2 U4
][
QHL(x)
QSML(x)
]
=
[
Q3L(x)
QL(x)
]
, U Q¯QR(x) = Q
′
R(x) , (3.2a)
U Q¯
[
ηfL(0) λfL(0)
][ U1 U3
U2 U4
]
=
[
mdiag 03×3
]
. (3.2b)
In eq. (3.1), ηfL(0) is an abbreviation of a 3 × 3 matrix whose (i, j) element is given by
ηijf
j
L(0), for instance. U3, U4 are 3× 3 matrices satisfying the unitarity condition
U †3U3 + U
†
4U4 = 13×3, (3.3)
which indicates how the quark doublets of the SM are contained in each of Q3L(x) and
Q6,15L(x) and compose a 6 × 6 unitary matrix together with U1, U2, which diagonalizes
the brane localized mass matrix. The eigenstate QH becomes massive and decouples from
the low energy processes, while QSM remains massless at this stage and is identified with
the SM quark doublet. After this identification of the SM doublet, Yukawa couplings
are read off from the higher dimensional gauge interaction of Ay, whose zero mode is the
Higgs field H(x):
−g4
2
{〈
H†
〉
d¯iR(x)I
i(00)
RL U
ij
3 Q
j
SML(x) +
〈
H t
〉
iσ2u¯iR(x)
(
WI
(00)
RL
)i
U ij4 Q
j
SML(x)
}
+ h.c. (3.4)
where g4 ≡ g√2piR and the matrix W indicates the factor
√
n in (2.1):
W ≡ diag
(√
2 ,
√
2 , 2
)
(3.5)
and I
(00)
RL is an overlap integral of mode functions of fermions with matrix elements(
I
(00)
RL
)
ij
= δijI
i(00)
RL :
I
i(00)
RL =
∫ piR
−piR
dy f iLf
i
R =

piRM i
sinh(piRM i)
(
i = 1, 2
)
1
(
i = 3
) (3.6)
which behaves as 2piRM ie−piRM
i
for piRM i  1, thus realizing the hierarchical small
quark masses without fine tuning of M i. We thus know that the matrices of Yukawa
coupling g4
2
Yu and
g4
2
Yd are given as
g4
2
Yu =
g4
2
WI
(00)
RL U4 ,
g4
2
Yd =
g4
2
I
(00)
RL U3. (3.7)
These matrices are diagonalized by bi-unitary transformations as in the SM and Cabibbo-
Kobayashi-Maskawa (CKM) matrix is defined in a usual way [18].{
Yˆd = diag(mˆd, · · · ) = V †dRYdVdL
Yˆu = diag(mˆu, · · · ) = V †uRWYuVuL
, VCKM ≡ V †dLVuL (3.8)
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where all the quark masses are normalized by the W -boson mass as mˆf =
mf
MW
. A
remarkable point is that the Yukawa couplings g4
2
Yu and
g4
2
Yd are related through the
unitarity condition eq. (3.3), on the contrary those are completely independent in the SM.
For an illustrative purpose to confirm the mechanism of flavor mixing, we will see how
the realistic quark masses and mixing are reproduced. Here we leave aside CP violation
since the issue discussed in this paper is independent of it and assume that U3, U4 are
real. Let us notice that 3× 3 matrices U3,4 can be parametrized because of (3.3) without
loss of generality as
U4 = Ru
 a1 0 00 a2 0
0 0 a3
 , U3 = Rd

√
1− a21 0 0
0
√
1− a22 0
0 0
√
1− a23
 (3.9)
where Ru and Rd are arbitrary 3× 3 rotation matrices parametrized as
Ru =
 1 0 00 cos θ′2 sin θ′2
0 −sin θ′2 cos θ′2

 cos θ
′
3 0 sin θ
′
3
0 1 0
−sin θ′3 0 cos θ′3

 cos θ
′
1 −sin θ′1 0
sin θ′1 cos θ
′
1 0
0 0 1
 , (3.10a)
Rd =
 1 0 00 cos θ2 sin θ2
0 −sin θ2 cos θ2

 cos θ3 0 sin θ30 1 0
−sin θ3 0 cos θ3

 cos θ1 −sin θ1 0sin θ1 cos θ1 0
0 0 1
 . (3.10b)
Actually the most general forms of U3 and U4 have a common orthogonal matrix multiplied
from the right, which can be however eliminated by suitable unitary transformations
among the members of QSML(x).
Now physical observables mˆu, mˆc, mˆt, mˆd, mˆs, mˆb and the angles of the CKM matrix
are expressed in terms of ai, bi
(≡ I i(00)RL ) and 6 rotation angles in Ru and Rd. Note that
our theory has 2 free parameters which cannot be determined by the observables since 9
physical observables are written in terms of 11 parameters.
As we have discussed in the previous paper [12], if the large mixings between the 1-3
and 2-3 generations are introduced then the top quark mass decreases from 160 GeV
∼ 2MW . Thus, we expect that the mixing angles between the third generation and the
first two generations are considered to be small to keep mt ∼ 2MW . Also the relation
between the masses of top and bottom quark m2t + (2mb)
2 = (2MW )
2 for the M3 = 0
holds and we must choose a3 ∼ 1. It implies that the rotation angles θ′2, θ′3, θ2, θ3 and
parameter
√
1− a23 should be small, and also other 6 parameters a1, a2, b1, b2 and θ′1, θ1
should take values close to those of 2 generation model [12].
Actually, for the case of Ru = 13×3 where the up type quark mixings vanish, this
case gives almost the most stringent lower bound from K0 – K¯0 mixing for example, these
parameters are numerically found as
a21 ≈ 0.1023 b21 ≈ 4.355× 10−9 sin θ1 ≈ −2.587× 10−2
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a22 ≈ 0.9887 , b22 ≈ 1.302× 10−4 , sin θ2 ≈ 2.224× 10−2 . (3.11)
a23 ≈ 0.9966 sin θ3 ≈ 2.112× 10−4
Also, for the another case of Rd = 13×3 where the down type quark mixings vanish, these
parameters are numerically found as
a21 ≈ 0.0650 b21 ≈ 3.973× 10−9 sin θ′1 ≈ 0.6704
a22 ≈ 0.9931 , b22 ≈ 2.235× 10−4 , sin θ′2 ≈ −3.936× 10−2 . (3.12)
a23 ≈ 0.9966 sin θ′3 ≈ 1.773× 10−2
These two results show that the mixing angles θ2, θ3, θ
′
2, θ
′
3  1 and it is completely
consistent with the above argument.
4 B0 – B¯0 mixing
In this section, we apply the results of the previous section to representative FCNC
processes, B0d – B¯
0
d mixing and B
0
s – B¯
0
s mixing responsible for the mass difference of two
neutral B mesons.2
We focus on the FCNC processes of zero-mode down-type quarks due to gauge boson
exchange at the tree level. First let us consider the processes with the exchange of zero
mode gauge bosons. If such type of diagrams exist with a sizable magnitude, it will easily
spoil the viability of the model.
Concerning the Z-boson exchange, it is in principle possible to occur the tree-level
FCNC. Since the mode function of the zero-mode gauge boson is y-independent, the
overlap integral of mode functions is generation independent. Thus the gauge coupling of
zero mode gauge boson depends on only the relevant quantum numbers such as the third
component of weak isospin I3. Therefore the condition proposed by Glashow-Weinberg
[15] to guarantee natural flavor conservation for the theories of 4D space-time is relevant.
Although there are right-handed down-type quarks belonging to different representa-
tions in our model, for example, the SU(2) singlet dR in ψ(3) and one of components
of the triplet ΣR in ψ(6¯) or ψ(15), these are known to have the same quantum number
I3 = 0, and thus the Glashow-Weinberg condition is satisfied in this sector [11]. However,
the quintet ΘR in ψ(15) also contains the right-handed down-type quark, and this has
the different quantum number I3 = 1 from that of d
i
R belonging to ψ(3).
What is worse, the quartet ∆L in ψ(15) contains left-handed down-type quark with the
different quantum number I3 =
1
2
from that of diL belonging to the doublet QL in ψ(3),
ψ(6¯) or ψ(15) with the quantum number I3 = −12 . Thus, the condition of Glashow-
Weinberg is not satisfied in the down-type quark sector and FCNC process due to the
2For the studies of B0 – B¯0 mixing in other new physics models, see for instance [21]
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exchange of the zero mode Z-boson arises at the tree level.3 However, the quintet ΘR
(quartet ∆L) is an exotic fermion and acquires large SU(2) invariant brane mass. Thus
the mixing between diR (d
i
L) and ΘR (∆L) is inversely suppressed by the power of mBLM
and the FCNC vertex of Z-boson can be safely neglected. We may say that the condition
of Glashow-Weinberg is satisfied in a good approximation in the processes via the zero
mode gauge boson exchange.
One may worry that Z ′ gauge boson exchange give rise to FCNC processes since an
extra U(1) gauge symmetry is indispensable for getting a realistic Weinberg angle. Note
that the extra U(1) gauge symmetry is explicitly broken by an anomaly and the gauge
boson of the extra U(1) gauge symmetry acquire a mass of the cutoff scale order. In
our model, the cutoff scale is a 5D Planck scale which is larger than the intermediate
scale 1013 GeV. Therefore, the FCNC effects by Z ′ gauge boson exchange can be safely
neglected comparing to the process by non-zero KK gluon exchanges considered later.
Hence, the remaining possibility is the process via the exchange of non-zero KK gauge
bosons. In this case, the mode functions of KK gauge bosons are y-dependent and their
couplings to fermions are no longer universal because of non-degenerate bulk masses, even
if the condition of Glashow-Weinberg is met.
Therefore, such progresses lead to FCNC at the tree level. In our previous papers
[11, 12], we have calculated K0 – K¯0 mixing and D0 – D¯0 mixing via the non-zero KK
gluon exchange at the tree level and obtained a lower bound of the compactification scale
as the prediction of our model. Along the same line of the argument as in our previous
papers, we here study B0d – B¯
0
d and B
0
s – B¯
0
s mixings in the down-type quark sector by
the non-zero KK gluon exchange at the tree level as the dominant contribution to these
FCNC processes.
For such purpose, let us derive the four dimensional effective QCD interaction vertices
for the zero modes of down-type quarks relevant for our calculation:
Ls ⊃ gs
2
√
2piR
Gaµ
(
d¯iRλ
aγµdiR + d¯
i
Lλ
aγµdiL
)
+
gs
2
Ga(n)µ d¯
i
Rλ
aγµdjR
(
V †dRI
(0n0)
RR VdR
)
ij
+
gs
2
Ga(n)µ d¯
i
Lλ
aγµdjL(−1)n
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}
ij
. (4.1)
where I
i(0n0)
RR and I
i(0n0)
LL are overlap integrals relevant for gauge interaction,
I
i(0n0)
RR =
1√
piR
∫ piR
−piR
dy
(
f iR
)2
cos
n
R
y =
1√
piR
(2RM i)2
(2RM i)2 + n2
(−1)ne2piRM i − 1
e2piRM i − 1 , (4.2)
I
i(0n0)
LL = I
i(0n0)
RR
∣∣∣
M i→−M i
= (−1)nI i(0n0)RR (4.3)
since the chirality exchange corresponds to the exchange of two fixed points. We can see
from (4.1) that the FCNC appears in the couplings of non-zero KK gluons due to the
3The FCNC due to the exchanges of zero-mode photon and gluon trivially vanish because the fermions
of our interest have the same electric charge and color.
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(i) LR type (ii) LL type (iii) RR type
Figure 1: The diagrams of B0d – B¯
0
d mixing via KK gluon exchange. Those of B
0
s – B¯
0
s mixing
via KK gluon exchange are obtained by the replacements d↔ s.
fact that I
(0n0)
RR is not proportional to the unit matrix in the generation space, while the
coupling of the zero mode gluon is flavor conserving, as we expected.
The Feynman rules necessary for the calculation of B0d – B¯
0
d mixing can be read off
from (4.1).
=
gs
2
(
V †dRI
(0n0)
RR VdR
)
31
λaγµR , (4.4a)
=
gs
2
(−1)n
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}
31
λaγµL ,
(4.4b)
= δnn′δab
ηµν
k2 −M2n
(
’t Hooft-Feynman gauge
)
. (4.4c)
Those for B0s – B¯
0
s mixing are easily obtained by the replacements d↔ s and 31↔ 32 in
the matrix element of the vertices. The non-zero KK gluon exchange diagrams providing
the dominant contribution to the process of B0d – B¯
0
d and B
0
s – B¯
0
s mixing are depicted in
Fig. 1.
By noting the fact k2  ( n
R
)2 for n 6= 0 being the mass of n-th KK gluon and kµ being
internal momentum, the contributions from each type diagram of the B0d – B¯
0
d mixing
in Fig. 1 are written in the form of effective four-Fermi lagrangian obtained by use of
Feynman rules listed above,
∼−
∞∑
n=1
g2s
4
1
M2c
(
b¯Lλ
aγµdL
)(
b¯Rλ
aγµdR
)×
(−1)n
n2
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}
31
(
V †dRI
(0n0)
RR VdR
)
31
,
(4.5a)
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∼−
∞∑
n=1
g2s
4
1
M2c
(
b¯Lλ
aγµdL
)(
b¯Lλ
aγµdL
)×
1
n2
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}2
31
, (4.5b)
∼−
∞∑
n=1
g2s
4
1
M2c
1
n2
(
b¯Rλ
aγµdR
)(
b¯Rλ
aγµdR
)(
V †dRI
(0n0)
RR VdR
)2
31
.
(4.5c)
Similarly, those for B0s – B¯
0
s mixing are obtained by the replacements d↔ s and 31↔ 32
in the matrix element of the vertices. The sum over the integer n is convergent and
the coefficients of the effective lagrangian (4.5) for the B0d – B¯
0
d mixing and (4.5) after
the replacements of d ↔ s and 31 ↔ 32 for the B0s – B¯0s mixing are suppressed by the
compactification scale as 1/M2c = R
2.
Comparing the results with the experimental data, we can estimate a lower bound on
the compactification scale. The most general effective Hamiltonian for ∆B = 2 processes
due to some “new physics” at a high scale ΛNP MW can be written as follows;
H∆B=2eff =
1
Λ2NP
(
5∑
i=1
zqiQ
q
i +
3∑
i=1
z˜qi Q˜
q
i
)
(4.6)
where the 4-Fermi operators relevant for B0d – B¯
0
d mixing are given as,
Qd1 = d¯
α
Lγµb
α
Ld¯
β
Lγ
µbβL , Q
d
2 = d¯
α
Rb
α
Ld¯
β
Rb
β
L , Q
d
3 = d¯
α
Rb
β
Ld¯
β
Rb
α
L ,
Qd4 = d¯
α
Rb
α
Ld¯
β
Lb
β
R , Q
d
5 = d¯
α
Rb
β
Ld¯
β
Lb
α
R (4.7a)
and for B0s – B¯
0
s mixing,
Qs1 = s¯
α
Lγµb
α
Ls¯
β
Lγ
µbβL , Q
s
2 = s¯
α
Rb
α
Ls¯
β
Rb
β
L , Q
s
3 = s¯
α
Rb
β
Ls¯
β
Rb
α
L ,
Qs4 = s¯
α
Rb
α
Ls¯
β
Lb
β
R , Q
s
5 = s¯
α
Rb
β
Ls¯
β
Lb
α
R. (4.7b)
Indices α, β stand for the color degrees of freedom. The operators Q˜1,2,3 are obtained
from the Q1,2,3 by the chirality exchange L ↔ R. Since the SM contribution is poorly
known, we can get the constraint on the new physics directly from the experimental data
assuming that there is no accidental cancellation between the contributions of the SM and
new physics. If we assume one of these possible operators gives dominant contribution
to the mixing, each coefficient is independently constrained as follows, with the same
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constraints for z˜qi as those for z
q
i (i = 1, 2, 3) [20];
|zd1 | ≤ 2.3× 10−5
(
ΛNP
1TeV
)2
|zs1| ≤ 1.1× 10−3
(
ΛNP
1TeV
)2
|zd2 | ≤ 7.2× 10−7
(
ΛNP
1TeV
)2
|zs2| ≤ 5.6× 10−5
(
ΛNP
1TeV
)2
|zd3 | ≤ 2.8× 10−6
(
ΛNP
1TeV
)2
, |zs3| ≤ 2.1× 10−4
(
ΛNP
1TeV
)2
|zd4 | ≤ 2.1× 10−7
(
ΛNP
1TeV
)2
|zs4| ≤ 1.6× 10−5
(
ΛNP
1TeV
)2
|zd5 | ≤ 6.0× 10−7
(
ΛNP
1TeV
)2
|zs5| ≤ 4.5× 10−5
(
ΛNP
1TeV
)2
(4.8)
where the new physics scale ΛNP is regarded as the compactification scale in our case. All
we have to do is to represent (4.5) and its replacements d ↔ s and 31 ↔ 32 of (4.5) by
use of (4.7) and to utilize these constraints (4.8).
We can rewrite the each type effective lagrangian for B0d – B¯
0
d mixing (4.5) in terms of
effective Hamiltonian by using the Fierz transformation and the completeness condition
for Gell-Mann matrices;
H∆B=2eff,LL =
zd1Q
d
1
R−2
, H∆B=2eff,RR =
z˜d1Q˜
d
1
R−2
, H∆B=2eff,LR =
zd4Q
d
4 + z
d
5Q
d
5
R−2
(4.9)
where
zd1 =
8piαs
3
piR
∞∑
n=1
1
n2
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}2
31
, (4.10a)
z˜d1 =
8piαs
3
piR
∞∑
n=1
1
n2
(
V †dRI
(0n0)
RR VdR
)2
31
, (4.10b)
zd4 = −8piαspiR
∞∑
n=1
(−1)n
n2
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}
31
(
V †dRI
(0n0)
RR VdR
)
31
,
(4.10c)
zd5 =
8
3
piαspiR
∞∑
n=1
(−1)n
n2
{
V †dL
(
U †3I
(0n0)
RR U3 + U
†
4I
(0n0)
RR U4
)
VdL
}
31
(
V †dRI
(0n0)
RR VdR
)
31
. (4.10d)
The four-dimensional αs is defined by
αs =
(
g4Ds
)2
4pi
=
1
2piR
g2s
4pi
. (4.11)
The constant αs should be estimated at the scale µb = mb = 4.6 GeV where the ∆B = 2
processes are actually measured [20]. So we have to take into account the renormalization
group effect from the weak scale down to µb:
α−1s (mb) = α
−1
s (MZ)−
23
6pi
ln
MZ
mb
−→ αs(mb) ≈ 0.207 (4.12)
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where αs(MZ) ≈ 0.1184 has been put [22].
Similarly, the each type effective Hamiltonian for B0s – B¯
0
s mixing are respectively
rewritten by replacements d↔ s and 31↔ 32 of (4.9) and (4.10).
Combining these results, we obtain the lower bounds for the compactification scale
from the constraint (4.8). First let us assume that only one of the three types of diagrams
(LL, RR, LR) gives dominant contribution to the mixing. Then we get lower bound on
the compactification scale by use of the upper bound on the relevant coefficients zq1, z˜
q
1
and zq4 given in (4.8) in the unit of TeV:
LL :
1
R
&
√ ∣∣zd1∣∣
2.3× 10−5
[
TeV
]
LL :
1
R
&
√
|zs1|
1.1× 10−3
[
TeV
]
RR :
1
R
&
√ ∣∣z˜d1∣∣
2.3× 10−5
[
TeV
]
, RR :
1
R
&
√
|z˜s1|
1.1× 10−3
[
TeV
]
LR :
1
R
&
√ ∣∣zd4∣∣
2.1× 10−7
[
TeV
]
LR :
1
R
&
√
|zs4|
1.6× 10−5
[
TeV
]
(4.13)
Let us note that LR type diagrams yield both of Qq4 and Q
q
5 operators as is seen in (4.9).
We can however safely ignore the contribution of Qq5 to the mixing, because the coefficients
of the operator (4.10d) are smaller than that of Qq4 and also because the magnitude of the
hadronic matrix element of Qq4 is known to be greater than that of Q
q
5, as the constraint
for zq4 is more severe that that for Q
q
5 in (4.8). This is why we used the constraint for z
q
4
alone to get the lower bound for the case of LR type diagrams.
Since there is no bulk mass of third generation in this model, the “GIM-like” sup-
pression mechanism from the large bulk masses which acts much more severe on the
contribution of the LR type diagram [12] does not occur. Thus the contribution of the
LR-type diagram is not expected to be smaller than those of the LL and RR diagram
in general. Actually, for the case of Ru = 13×3 in (3.9), which gives almost the most
stringent lower bound from K0 – K¯0 mixing, the LR type contribution is dominant for
B0s – B¯
0
s mixing while the LL type contribution is dominant for B
0
d – B¯
0
d mixing;
R−1 & 1.71
[
TeV
]
for B0d – B¯
0
d mixing , (4.14a)
R−1 & 2.54
[
TeV
]
for B0s – B¯
0
s mixing . (4.14b)
In the second case Rd = 13×3, the contributions from the LR and RR type diagram
vanish. This is because the down-type Yukawa coupling becomes diagonal: VdL = VdR =
13×3, namely the mixings in the down quark sector disappear. Note, however, that the
lower bound obtained from the LL type contribution, which does not vanish even though
VdL = 13×3. Actually, we obtain the lower bound on R−1 for Rd = 13×3;
R−1 & 0.92
[
TeV
]
for B0d – B¯
0
d mixing , (4.15a)
14
R−1 & 1.79
[
TeV
]
for B0s – B¯
0
s mixing . (4.15b)
This is because VuL relevant for up-type quark mixing also contributes to the left-handed
FCNC current. Namely, because of the mixing between Q3L and Q6L (Q15L), U4 also
contributes to the FCNC vertex (4.4b) Thus even in the case of VdL = 13×3 we get a
meaningful lower bound on Mc
A comment is given. The obtained lower bounds are smaller than what we naively
expect assuming that the tree level diagram relevant for the FCNC process is simply
suppressed by 1/M2c [20];
Mc & O
(
103
) [
TeV
]
for B0d – B¯
0
d mixing , (4.16a)
Mc & O
(
102
) [
TeV
]
for B0s – B¯
0
s mixing . (4.16b)
which is much more stringent than the lower bound we obtained, in spite of the absence of
the suppression by the large bulk masses. The obtained lower bounds also are milder than
those from K0− K¯0 and D0− D¯0 mixings. This apparent discrepancy may be attributed
to the very small mixing between the third generation and the first two generations.
5 Summary
In this paper, we have discussed the flavor mixing and the resulting FCNC processes in the
framework of five dimensional SU(3)color⊗SU(3)⊗U ′(1) gauge-Higgs unification scenario.
As the concrete FCNC processes, we have calculated the contributions to B0d − B¯0d and
B0s − B¯0s mixings by the non-zero KK gluon exchange at the tree level in the light of the
recent progress in the measurements of B0− B¯0 mixing. For the processes with respect to
the third generation, the “GIM-like” suppression mechanism, which is operative for the
light first two generation quarks, does not work since their bulk mass has to be vanished
to realize top quark mass. Therefore, we can anticipate large FCNC effects to arise and
we are likely to obtain strong constraints for B-physics. The prediction of our model is
that the lower bounds of compactification scale have been found to be of order O(TeV)
which is milder than those obtained from our study of K0 − K¯0 and D0 − D¯0 mixings
in our previous paper [11, 12] and from a naive expectation (∼ 1000 TeV) where the
dimension six operator is simply suppressed by 1/M2c in spite of the absence of the GIM-
like suppression by the large bulk masses. This is because the smallness of the mixings
between 1-3 and 2-3 generations, i.e. θ2, θ3, θ
′
2, θ
′
3  1. In our model, they should be
small to reproduce the realistic top quark mass ∼ 2MW , and then the induced ∆B = 2
effective hamiltonian are strongly suppressed. Thus the lower bound of compactification
scale becomes small.
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